Carbon based materials are attractive for biological applications because of their excellent biocompatibility profile. Porous carbons with high specific surface area are particularly interesting because it is possible in principle to leverage their properties to deliver high drug payloads. In this work, porous carbon microspheres with high specific surface area were prepared and studied in solution and in cells. Raman optical tweezer trapping of microspheres, excited by 532 nm, results in graphitization and 10 incandescence in solvents that display poor heat conduction. Fluorescence confocal microscopy imaging was used to demonstrate the uptake of fluorescently labelled microspheres by cells and the ability to leverage their optical absorptivity in order to cause carbon graphitization and cell death.
Introduction
Porous materials in the form of micro-and nanoparticles hold 15 great promise as cellular delivery and imaging agents. High specific surface area and small pore sizes, in principle, allow the capture and delivery of small molecules for a variety of applications, from therapeutics to contrast agents. Mesoporous particles based on inorganic scaffolds such as silica, 1-3 zirconia 4 20 and infinite coordination polymers 5 have been the subject of intense investigation towards their biological application. By comparison, mesoporous carbon materials have received less attention, despite the fact that these could offer important advantages compared to their inorganic counterparts. 25 Carbon is in general well tolerated in vivo and is already used as a coating in biodevices and implants. 6, 7 The interaction of carbon nanoparticles with biomolecules and cells is of great interest because of both the chemical inertness of carbon and the possibility of robust surface functionalization that allows 30 optimization of their delivery and imaging properties. 8, 9 Nanostructured carbons such as nanotubes 10 and fullerenes 11 and, more recently, carbon dots 12 and nanodiamonds [13] [14] [15] have been successfully used as intracellular delivery agents. These previous studies confirm that carbon materials display numerous 35 advantages for this purpose. However, to our knowledge there are only two reports of cellular uptake of mesoporous carbon materials in which their high loading capacity is leveraged. 16, 17 In this paper we investigate the properties of porous carbon microspheres of narrowly dispersed size for cell uptake and 40 imaging. These particles display high specific surface area for delivery applications and are strong absorbers in the visible range. We present findings from combined Raman and optical tweezer studies aimed at determining and exploiting the optical properties of carbon for remote thermal triggering/activation 45 events. Single particle studies in different media suggest that the heat dissipation properties of the medium are critical in determining the behaviour of individual particles under irradiation. Using confocal fluorescence microscopy we show that these particles are effectively internalised by cells and that 50 laser irradiation can be used to disrupt cellular structures.
Experimental Section Carbon microsphere preparation
Carbon microspheres were synthesized via ultraspray pyrolysis (USP) following reported methods. 18 Briefly, a 1.65 MHz 55 piezoelectric crystal placed at the bottom of a flask was used to generate a mist from a 1 M aqueous solution of either Lithium or Sodium dichloroacetate. The mist was carried by a flow of Ar into a tube furnace, where the organic salt was pyrolyzed at 700 °C. Particles were collected in a bubbler containing deionised 60 water, filtered and washed with copious amounts of water prior to further characterisation. For functionalisation experiments, particles were suspended in water and refluxed in 5 M nitric acid for 2 h, then filtered and washed with copious amounts of water. Particles were then 65 coupled to 6-aminofluorescein using a water soluble carbodiimide coupling agent (EDC) according to standard procedures. 19 The free 6-aminofluorescein was separated from 6aminofluorescein coupled particles by repeated centrifugation and washing. For surfactant studies we prepared suspensions of 70 pristine carbon microspheres in 0.04% solutions of N-[1-(2,3dioloeyl)propyl]-N,N,N-trimethylammonium chloride (DOTAP) and in 1% Sodium Lauryl sulfate (SDS) solutions in deionized water. Both surfactant concentrations were above the critical micelle concentration.
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Particle characterization
Scanning Electron Microscopy (SEM) was carried out on Zeiss Ultra Plus microscope using the In-lens detector. Particle size distributions were obtained via SEM from particle diameter 80 determination of 125 and 58 particles for LiDCA and NaDCA samples. ζ-potential measurements were carried out on a Malvern Zetasizer Nano-ZS: HCl or NaOH was added to particle suspensions in order to vary the pH followed by an addition of NaCl in order to bring the total ionic strength to a value of 0.010 M. The specific surface area of carbon spheres was determined via Brunauer-Emmett-Teller (BET) analysis (Quantachrome Nova Station). 20 The sample was pre-treated at 30 °C under vacuum for 24 h prior to analysis using nitrogen as the adsorbing gas. The specific surface area was calculated using a multi-point BET plot over relative pressures in the range 0.08-0.3. Pore size was determined via the Barrett−Joyner−Halenda 10 (BJH) 21 method using the desorption branch of adsorption isotherms; 22 values reported represent the mode of the pore size distribution. Fluorescence (photoluminescence) spectra were measured on a Varian, Cary Eclipse fluorescence spectrophotometer at λ exc = 480 nm (room temperature). 15 
Cell cultures
Human embryonic kidney (HEK293) and human epithelial carcinoma (HeLa) cells were purchased from Prochem (EACCC, UK) and cultured under the following conditions: cells were cultured in Eagle's minimal essential media (EMEM) 20 supplemented with 10% Foetal calf serum -(American, Fetal), 2 mM L-glutamine, 100 units/mL penicillin G sodium and 100 μg/ml streptomycin. The cells were grown by incubating at 37 °C with 5% CO 2 in humidified air until the culture reached 70% confluency before replating at 2  10 5 cells/dish, in 35 mm glass 25 bottom dishes (MatTek Corporation, USA) containing 2-3 mL of medium prior to confocal imaging. 14 h later membrane dye labelled cells were prepared by culturing in the presence of 200 μL of 1μM 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine iodide (DiI, Invitrogen) in serum-free EMEM media for 30 8 min at 37 C with 5% CO 2 . Aqueous microsphere suspensions (0.04 mg/mL) were prepared using sterile water. The particles (50 μL) were then added to 200 μL OptiMem I reduced serum media and to this 12 μL of FuGENE®, a cationic lipid transfection agent, was added directly into the solution and 35 mixed. After incubation for 20 min this mixture was added to cells and incubated overnight at 37 C. Cells were washed three times with phosphate buffered saline solution (PBS) prior to imaging. 40 Combined Raman-optical tweezer studies were carried out using a previously described setup. 23, 24 The Raman tweezers apparatus consists of a cw Verdi V8 (Coherent) with laser beam wavelength of 532 nm and maximum power of 8 W. The beam is passed through two sets of expansion optics, reflected from 45 Semrock razoredge dichroic mirror (LPD532-1) and directed into the microscope. A second dichroic mirror reflected the beam through the objective lens (63, NA 1.2, Leica Microsystems) where the optical trap is formed. For trapping and acquisition of Raman spectra the laser was attenuated to a power of 16 mW, 50 measured at the entrance aperture of the objective lens, yielding approximately 5 mW at the objective output. The Raman light scattered from the focal point was collimated by the objective lens and passed back along the same optical pathway. A Semrock edge filter was placed after the razoredge to 55 transmit only the Raman shifted light above 532 nm. The beam was then focussed onto the entrance slit of a spectrometer (SpectraPro-2500i, Acton Research Company) and detector (Spec-10:400B, Princeton Instruments). To allow observation of trapped particles, filtered light (>700 nm) from the microscope is 60 used to image the particle onto a CCD camera. Calibration of the spectrometer was performed using liquid toluene (Spectroscopic grade, Aldrich) as a standard. Recorded wavenumbers were accurate to within 2 rel. cm -1 . Raman spectra and trapping of carbon microspheres were recorded using capillary tubes to 65 minimize thermal effects. Raman spectra of carbon particles were baseline subtracted using a spectrum of the background medium collected during the same measurement run. Spectra thus obtained were fitted to a Breit-Wigner-Fano line for the G peak, a Gaussian curve for the D peak 25 and a polynomial to remove any 70 residual background using data analysis software (Igor Pro).
Optical trapping and single particle Raman
Confocal microscopy
High-resolution confocal images were obtained using a Nikon confocal laser scanning microscope, EC1-Si (CLSM) attached to an inverted Nikon TE2000-U microscope and a 60 water 75 immersion objective (NA 1.2). For imaging carbon microspheres in cells particles functionalised with 6-aminofluorescein (FL-LiDCA) were used in combination with DiI as a cellular membrane probe. An argon ion and a helium-neon laser operating at 488 and 543 nm, respectively, were used alternately with line 80 switching using the multi-track facility of the CLSM. Images were collected using a 488/543 dichroic beam splitter and a 512-530 band pass filter (channel 1) to detect fluorescence from FL-LiDCA particles, using a 560-615 band pass filter to detect fluorescence from the DiI membrane probe (channel 2) and using 85 optical white light transmission (channel 3).
Results and Discussion
Carbon microsphere characterization
Porous carbon spheres were synthesised via ultraspray pyrolysis from aqueous precursor solutions of dichloroacetates at 90 700 °C, following methods developed by Skrabalak et al. 18 This method allowed for the preparation of carbon particles using a continuous synthesis approach that is inherently scalable. Figures 1a and 1b show scanning electron microscopy (SEM) images of microspheres prepared using lithium and sodium dichloroacetate 95 (LiDCA and NaDCA) respectively as organic precursors. The particles were found to be spherical in nature and the morphology of these particles depends on the precursor used. In agreement with previous reports, 18 Brunauer-Emmett-Teller (BET) analysis showed that LiDCA particles had higher specific surface areas 100 than NaDCA particles, yielding values of 1043 m 2 /g and 545 m 2 /g, respectively. Barrett−Joyner−Halenda (BJH) 21 pore analysis yielded pore diameters in the mesopore range 22 at 3.4 nm and 32 nm for LiDCA and NaDCA, respectively. Figure 2a shows a representative infrared transmission spectrum of microspheres used in our experiments. The infrared spectrum shows broad absorptions in the region 1700-1000 cm -1 characteristic of disordered graphitic carbons such as soots and carbon blacks. A prominent broad and intense contribution 10 around 1600 cm -1 can be assigned to C-C stretching modes of polyaromatic systems and suggests that microparticles consist mainly of sp 2 carbon. 26, 27 This conclusion is supported by the presence of an aromatic C-H stretching peak at 3055 cm -1 28 and by Raman spectroscopic characterization of the microspheres (vide infra). The presence of aliphatic C-H stretching modes at 2854 and 2925 cm -1 and of 20 methyl bending modes at 1385 cm -1 indicate that microspheres also contain residual sp 3 carbon after thermal decomposition of the organic precursor. 28 Finally, the infrared spectrum in Figure  2a shows a shoulder at 1709 cm -1 that can be assigned to the C=O stretching mode of carboxylic acid groups (-COOH). [26] [27] [28] results suggest that acid groups, which can impart a negative surface charge to the microspheres, are likely present on the carbon surface after synthesis. The presence of carboxylic groups was further supported by ζ-potential measurements of pristine particles in aqueous suspensions, which yielded negative ζ- 30 potential values over the 2-10 pH range. Figure 2b shows the ζpotential of microspheres as a function of pH from which an estimated isoelectric point of pH iep = 0.2 and 1.0 for LiDCA and NaDCA particles, respectively, was determined. Values of pH iep < 2 are frequently observed for black carbons after mild 35 activation treatment, 29 and confirm that negatively charged groups are present on the particle surface under the pyrolysis conditions used for the synthesis.
Raman-optical tweezer studies of carbon microspheres
Raman-optical tweezer studies were carried out in order to 40 determine the optical properties of carbon microspheres. Carbon microspheres in suspension were optically trapped and tracked in real time in a combined Raman-optical tweezer setup ( exc = 532 nm, incident power 5 mW for all reported experiments). Individual particles could be either trapped in solution or pinned 45 against the glass walls of the sample holder. Once in the optical trap, particles could be observed over prolonged times while simultaneously collecting Raman spectra, thus allowing the investigation of the behaviour of isolated particles. Figure 3 shows the background-subtracted spectrum of a single 50 microsphere in deionized water. The spectrum displays two peaks with maxima at 1597 and 1341 rel. cm -1 that are assigned to the G and D peaks respectively of amorphous carbon. 25, 30 The I(D)/I(G) height ratio is a useful parameter for determining the degree of order in amorphous carbons 25 and for our particles it 55 was found to have a value of 0.61 ± 0.09. Based on the model developed by Robertson and co-workers 25 for the interpretation of Raman spectra of carbons, a G peak position of 1597 cm -1 and I(D)/I(G) = 0.61 suggest that the sp 2 content in these carbon microspheres is >80%. behaviour. Single carbon particles suspended in water and ethylene glycol could be trapped and held for several minutes without observing any changes in their spectral signature (see Supporting Information); however, when particles were suspended in octanol and N,N-dimethylformamide (DMF) we 5 observed intense and broad visible emission almost immediately after trapping. No significant difference was observed in this behaviour between LiDCA and NaDCA spheres. An example of a single particle emission event is shown in Figure 4a .
When the emission contribution does not saturate the signal, it 10 is possible to monitor in real time the evolution of the carbon Raman spectrum. Figure 4b shows Raman spectra of a single particle trapped in octanol collected over 16 s; Figure 4c shows the difference Raman spectrum obtained by subtracting the octanol scattering contribution from spectra reported in Figure   15 2b. Raman difference spectra show that, as the particle resides in the optical trap, its Raman spectrum evolves significantly. First, the I(D)/I(G) ratio increases visibly from 0.56 to 2.2; second, both the G and D peak maxima shift to lower values by up to ~20 cm-1 before returning close to their original positions. This 20 behaviour is in contrast to results obtained in water, where the carbon Raman spectrum remains unchanged over long times under the same conditions. (c) Raman of the carbon particle obtained by subtraction of the octanol background from spectra in (b); spectra have been smoothed and offset 30 for the sake of clarity.
The increase in I(D)/I(G) ratio and the shift in peak position strongly suggest that carbon particles undergo annealing while in the optical trap. In amorphous carbons the development of a D peak is indicative of progressive ordering (opposite to what is 35 found in graphite). 25 Both experimental data and theoretical models show that an increase in the height in I(D)/I(G) ratio accompanies thermal annealing and follows graphitization and ordering. 25, 31- 33 The spectral shift of D and G maxima is also consistent with thermal annealing of the particles since an 40 increase in temperature is known to lower the phonon frequencies in disordered carbons 34, 35 due to anharmonic effects and thermal expansion. 36 Temperature coefficients for the G mode of ordered forms of carbon and carbon black are reported to be in the range of -0.015 to 0.025 cm -1 /K. 37-39 Therefore, a 20 cm -1 downshift is 45 suggestive of a significant increase in temperature which, assuming a constant value for the temperature coefficient, approximate to 800 K. Such temperatures if present should be sufficient to induce structural ordering and indicate that carbon particles are heated to high temperatures sufficient to cause an 50 increase in graphitic content. The emission observed upon trapping in organic solvents on both the Raman spectrum and the capture camera could originate from both photoluminescent 12, 40 and incandescent 41 behaviour of the particles. Although carbon nanoparticles have been shown to 55 display visible photoluminescence, there are no reports of carbon microparticle photoluminescence. Control experiments carried out with particles in solution and on glass surfaces showed that neither pristine LiDCA nor NaDCA particles display fluorescent behaviour (see Supporting Information). We therefore attribute 60 the origin of the bright emission shown in Figure 4a to particle incandescence generated by an increase in particle temperature.
Absorption of light from the incident laser is known to cause heating of carbon particles to the point of incandescence; this phenomenon is known as laser-induced incandescence (LII). LII 65 has historically been used to characterise combustion aerosols using pulsed lasers, [41] [42] [43] [44] but has been observed only recently for particles in liquid suspensions. 45 The ability to observe incandescence depends on whether the absorbed energy can be dissipated at a sufficiently high rate and therefore depends on 70 numerous factors: particle surface/volume ratio, heat conductivity of the surroundings, laser flux and the occurrence of chemical reactions and phase changes. 44 In our case, we did not observe qualitative differences in emission between particles of different specific surface area. On the other hand, we observed marked 75 differences when single particles were trapped in various solvents: no emission was observed in water and ethylene glycol whereas immediate intense emission was seen in DMF and octanol. These differences can be explained by considering the thermal conductivities of water, ethylene glycol, DMF and 80 octanol which are 0.6071, 0.256, 0.184 and 0.161 W K -1 m -1 (at 298 K) respectively. 46 At constant incident laser irradiance it is easier to observe emission for suspensions prepared with solvents that display poor heat conduction, indicating that emissive behaviour, under our experimental conditions, is dominated by In order to test this hypothesis we investigated whether it was possible to obtain emission in good dissipating media such as water by changing the heat conductivity properties of the particle surroundings. We prepared aqueous solutions of the cationic lipid, N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium 5 methylsulfate (DOTAP) at 0.04%, and of the anionic surfactant sodium dodecyl sulfate (SDS) at 1% and performed Ramantweezer studies on suspended carbon microspheres. We observed that, although it was possible to trap carbon spheres in both surfactant solutions, we could obtain single particle emission only 10 when using DOTAP. Similarly, particle annealing was observed only in DOTAP aqueous solutions. Figure 5a The adsorption of ionic surfactants on solid surfaces is a 30 complex process that results from a balance of electrostatic and hydrophobic interactions. It is known that surfaces that possess both hydrophobic and anionic sites (e.g. cellulose, activated carbons), as in the case of our particles, display higher adsorption rates and sorption capacity for cationic surfactants than for 35 anionic surfactants. [48] [49] [50] [51] DOTAP is therefore expected to adsorb more readily on carbon microspheres than SDS, creating an organic-like environment and thus reducing the heat conductivity in the immediate vicinity of the particles to a greater extent. 40 Our experiments in solution show that carbon spheres absorb light and display localized heating to high temperatures suitable for particle annealing and incandescent emission. Therefore, we decided to determine whether the properties of these particles could be exploited in cellular uptake studies. The behaviour of 45 particles was investigated using both human embryonic kidney (HEK293) and human epithelial carcinoma (HeLa) cells. Cells were incubated in the presence of particles for 12 h at 37 C using the cationic transfection agent FuGENE® to aid cellular uptake. Confocal microscopy was used to gain insights into the location 50 of particles within the cell. These measurements were carried out on cells incubated with fluorescently labelled LiDCA particles (FL-LiDCA), prepared via amide coupling of 6-aminofluorescein (FL-NH 2 ) to -COOH surface groups using previously reported procedures. 19 Multiple cycles of washing and centrifugation were 55 necessary to ensure the removal of any physisorbed dye because of the high porosity of these microspheres. The washing process was repeated until no emission from the fluorescein dye was detectable in the supernatant solution upon excitation at 480 nm (pH 7). Figure 6 shows the photoemission spectra of LiDCA 60 carbon particles before and after labelling with 6aminofluorescein; the emission from the particle supernatant is reported for comparison. DiI was used as a membrane stain to allow resolution of the cell membrane. A complete depth profile (2 µm) of the cell was acquired by recording 30 scans at 150 nm 65 intervals with separate particle ( exc =488 nm) and membrane dye excitation ( exc =543 nm). Figure 7 , where images (a) and (b) are recorded 900 nm apart and the presence of the particles in the highlighted area is seen to change significantly. The z-travel distance required to observe disappearance/appearance correlated 10 well with the ~700 nm average size of the particles. Figure 7c shows a Z-scan rendering of images collected for both emission channels; the rendering indicates that particles are distributed within the cytoplasm and are thus internalised by the cells. Figure  7d shows the transmission image overlayed with the fluorescence 15 image for the fluorescein channel. Strong fluorescence was typically observed over the capture size of 78 µm 2 ; this suggests that particles are preferentially clustered in specific subcellular structures. These results indicate that carbon particles are uptaken by both cell lines and that molecules covalently linked to the 20 surface of the microspheres, in our case a fluorescent dye, can be successfully delivered to the cytoplasm. The most likely mechanism for particle uptake is endocytosis which has been observed for similarly sized particles. 52 In our studies particle uptake was not seen to compromise cell viability and both cell 25 lines remained viable for several days with normal cell division.
Studies of carbon microspheres in cells
Having observed laser-induced incandescence in solution we were interested in investigating whether the behaviour would persist in the cell environment. Optical trapping experiments 30 were therefore repeated on cells incubated in the presence of NaDCA and LiDCA particles. It was possible to trap and manipulate particles located both at the cell surface and within the cytoplasm, while at the same time obtaining their carbon Raman spectra. Once in the optical trap, particles were found to 35 display incandescence in a similar fashion to that observed in the presence of DOTAP. Furthermore, in cases where the particle was located near to the cell membrane the induced incandescence resulted in blebbing and membrane rupture. This is shown to dramatic effect in Figure 8a -f, for the case of a carbon particle 40 located adjacent to the membrane of a HeLa cell. The particle displays bright incandescence (b) which results in a disturbance that propagates around the whole cell over a few seconds (c-h). In other cases the incandescence resulted in complete membrane rupture with loss of intracellular material and cell death. 45 Membrane rupture was also accompanied by changes in the carbon Raman signature, similar to those observed in media of poor heat conductivity indicating that carbon annealing and graphitization takes place also within cells. Importantly, no cell damage was observed due to the incident laser alone under the 50 same conditions.
Conclusions
In this work we have used Raman and optical trapping to demonstrate that absorption of 532 nm laser light by individual carbon mesoporous microspheres causes dramatic changes in the 55 particle temperature that are sufficient to induce graphitization and incandescent emission. We have shown that this behaviour is related to the ability of the environment that surrounds the microparticle to dissipate heat. We have also demonstrated that particles are successfully uptaken by cells using a commercial transfection agent. Particles bearing small molecules covalently 5 linked to their surface can be carried by the carbon scaffold into the cytoplasm, thus opening the possibility of using these particles for delivery applications. Furthermore we have shown that when introduced in the cellular environment light absorption by particles can trigger membrane disruption and cell death. In 10 summary, these results demonstrate that it is possible to leverage two important characteristics of mesoporous carbon materials: their ability to deliver small molecules to the cytoplasm and their high optical absorptivity. The high specific surface area of these mesoporous carbon microspheres suggests that they are an 15 excellent platform for the development of delivery agents with potential for temperature-activated release of bioactive compounds or materials. The ability to remotely initiate temperature-activated processes opens the possibility of therapeutic applications involving controlled cell damage. 20 
